We describe a novel method, agrosuppression, that addresses the need for an assay of the hypersensitive response (HR) in intact plants that is rapid and adapted to highthroughput functional screening of plant and pathogen genes. The agrosuppression assay is based on inoculation of intact plants with a mixture of Agrobacterium tumefaciens strains carrying (i) a binary plasmid with one or more candidate HR-inducing genes and (ii) a tumor-inducing (oncogenic) T-DNA. In the absence of HR induction, tumor formation is initiated, resulting in a typical crown gall phenotype. However, upon induction of the HR, tumor formation by the oncogenic T-DNA is suppressed, resulting in a phenotype that can be readily scored. We tested and optimized agrosuppression in Nicotiana benthamiana using the inf1 elicitin gene from the oomycete pathogen Phytophthora infestans, which specifically induces the HR in Nicotiana spp., and the gene-for-gene pair Avr9/Cf-9 from the fungal pathogen Cladosporium fulvum and Lycopersicon pimpinellifolium (currant tomato), respectively. Agrosuppression protocols that can be rapidly performed using simple mechanical wounding of petioles of intact N. benthamiana plants were developed and appeared particularly adapted to intensive high-throughput screening. This assay promises to greatly facilitate the cloning of novel plant R genes and pathogen Avr genes and to accelerate functional analyses and structure-function studies of these genes.
The hypersensitive response (HR) is a form of programmed cell death in plants that often accompanies defense responses to plant pathogens as diverse as viruses, bacteria, nematodes, fungi, and oomycetes (Beers and McDowell 2001; Dangl et al. 1996; Lam et al. 2001) . Under natural conditions, the HR is tightly regulated, and specific signals are required for its activation. Such signals include a particular class of pathogen molecules, elicitors, that are perceived by plants resulting in the induction of the HR and resistance to the invading pathogen (Baker et al. 1997; Kjemtrup et al. 2000; . This model has been genetically defined by Flor's gene-for-gene hypothesis that a resistance reaction is determined by the simultaneous expression of a pathogen avirulence or Avr gene, which typically encodes a specific elicitor, with the matching plant disease resistance or R gene (Dangl and Jones 2001; Staskawicz et al. 1995) . In recent years, the genefor-gene hypothesis has received tremendous experimental support through the identification and functional characterization of both Avr and R genes (Dangl and Jones 2001; Hammond-Kosack and Jones 1997; Kjemtrup et al. 2000; Staskawicz et al. 1995) .
Several experimental procedures have been used to assay whether a particular gene can induce the HR in plant cells and to help clone Avr and R genes. These include particle cobombardment with a construct expressing a reporter gene (Gopalan et al. 1996; Mindrinos et al. 1994 ), viral expression systems (Hammond-Kosack et al. 1995; Joosten et al. 1997; Kamoun et al. 1999a; Kooman-Gersmann et al. 1997; Lauge et al. 2000 Takken et al. 2000; Tampakaki and Panopoulos, 2000; Tobias et al. 1999) , and Agrobacterium tumefaciens-based assays such as agroinfiltration or stable transformation (Bendahmane et al. 2000; Keller et al. 1999; Nimchuk et al. 2000; Tai et al. 1999 ; Van den Ackerveken et al. 1996 ; Van der Hoorn et al. 2000) . However, despite their extensive use in cloning and functional analyses of Avr and R genes, these assays are not always adapted to the high-throughput functional screenings that are required for genomic research. For example, both particle bombardment and agroinfiltration require extensive sample preparation, and using these techniques to assay hundreds of clones simultaneously remains impractical. Some virus-based expression systems, particularly the binary potato virus X (PVX) system (Baulcombe 1999; Takken et al. 2000) , are available in formats adapted to high-throughput screenings. However, PVX vectors typically cannot accommodate inserts larger than 2 kb or intron-containing gene sequences, thus preventing their use in assaying large fragments of cloned genomic DNA.
To overcome the limitations of the existing assays, we developed a novel method, agrosuppression, that addresses the need for an assay of the HR that is rapid and adapted to highthroughput functional screening of plant and pathogen genes. Agrosuppression is based on inoculations of intact plants with a mixture of A. tumefaciens strains carrying (i) a binary plasmid with one or more candidate test genes, and (ii) a tumor-inducing (oncogenic) T-DNA. In the absence of HR induction, tumor formation is initiated, resulting in a typical crown gall phenotype. However, upon induction of the HR, tumor formation by the oncogenic T-DNA is suppressed, resulting in a phenotype that can be readily scored. We validated and optimized agrosuppression in Nicotiana benthamiana using the inf1 elicitin gene from the oomycete pathogen Phytophthora infestans, which specifically induces the HR in Nicotiana spp. (Kamoun et al. 1997) , and the gene-for-gene pair Avr9/Cf-9 from the fungal pathogen Cladosporium fulvum and Lycopersicon pimpinellifolium (currant tomato), respectively (Jones et al. 1994 ; Van den Ackerveken et al. 1992; van Kan et al. 1991) . We anticipate that agrosuppression will significantly facilitate the cloning of novel plant R genes and pathogen Avr genes and accelerate functional analyses and structure-function studies of these genes.
RESULTS
Wound inoculations of N. benthamiana petioles with A. tumefaciens.
Assays centered on wound inoculation of A. tumefaciens strains with toothpicks or similar mechanical wounding devices are well adapted to high-throughput screens. However, problems are encountered when clear-cut differences cannot be observed between various constructs, or symptoms cannot be reproduced reliably. For example, the phenotypes obtained following wound inoculations of petioles of N. benthamiana with A. tumefaciens carrying pInf1, a binary plasmid containing the P. infestans HR-inducing gene inf1 in an expression cassette, and with pGUSi, a control binary plasmid containing the bglucuronidase gene interrupted by an intron, were not easy to distinguish ( Fig. 1A and B ). Petioles inoculated with A. tumefaciens carrying pINF1 displayed a necrotic ring and necrotic streaks along the veins. However, these symptoms were not consistently reproducible and were often difficult to discern from background damage associated with the bacterial inoculum and wounding. On the other hand, symptoms induced by A. tumefaciens carrying pINF1 or pGUSi were unambiguously different from the symptoms observed in petioles inoculated with the oncogenic supervirulent strain A281 (C58:pTiBo542) (Fig. 1C ). Petioles inoculated with A281 showed, as early as five days after inoculation, typical cellular proliferation associated with tumor formation that often resulted in a marked deformation of the petiole (referred to as "crooked petiole phenotype").
Agrosuppression assay.
The distinct nature of the tumor phenotype led us to further investigate wound-inoculation assays involving oncogenic A. tumefaciens strains. We hypothesized that cell death induced by the transient expression of an Avr or R gene would impair the growth and development of oncogenic tissue to discernible levels, thus providing a distinct phenotypic difference. To test whether an A. tumefaciens carrying a binary vector expressing a HR-inducing gene can suppress the tumor phenotype induced by A281, we devised a series of inoculations with mixtures of A. tumefaciens strains. We inoculated petioles of N. benthamiana with the tumor-inducing strain A281 in 1:1 mixtures with A. tumefaciens carrying pINF1 or pGUSi (Fig. 2) . Plants inoculated with the mixture of A281 and the pGUSi strain consistently showed tumor formation and the crooked petiole phenotype ( Fig. 2A ) similar to inoculations with A281 alone (Fig. 1C) . In sharp contrast, plants inoculated with mixtures of A281 and the pInf1 strain did not form tumors or any notable deformation of the petioles (Fig.  2B ). To further confirm that no tumor growth was occurring in mixed inoculations between A281 and the pInf1 strain, we examined representative inoculated petioles with scanning electron microscopy ( Fig. 3) . No evidence of tumor formation was observed, in contrast to the extensive cell proliferation and tissue deformation observed in petioles inoculated with mixtures of A281 and the pGUSi strain. These results suggest that the cell death response induced by the pInf1 construct suppressed tumor formation by wild-type A. tumefaciens in trans, resulting in a distinct phenotype. Consequently, we named this assay suppression of Agrobacterium tumor formation, or agrosuppression.
To test the efficiency of agrosuppression in large-scale experiments, we assayed 289 N. benthamiana petioles with 1:1 mixtures of pInf1 and pGUSi strains, pInf1 and A281 strains, as well as A281 and pGUSi strains. All observed symptoms were consistent with the results shown in Figures 1 and 2 , except for one petiole inoculated with the mixture of pInf1 and A281 strains, which showed tumor formation instead of the predicted tumor suppression. These results suggest that the rates of false positives and false negatives for agrosuppression are below 1% and are acceptable for large-scale screening.
Reconstruction of the Avr9/Cf-9 gene for gene interaction using agrosuppression.
To test whether we could reconstruct a gene-for-gene quadratic check using agrosuppression, we inoculated N. benthamiana with A. tumefaciens strains carrying pAvr9, a binary plasmid containing the C. fulvum avirulence gene Avr9 in an expression cassette, pCf9, a binary plasmid containing the tomato R gene Cf-9 in an expression cassette, or pGUSi mixed with the oncogenic A281 in four different combinations (Fig. 4) . Plants inoculated with the combination of A281 (50%), pAvr9 strain (25%), and pCf9 strain (25%) failed to show tumors or deformation of the petioles. On the other hand, plants inoculated with the three other combinations, in which at least one of the matching genes was missing, consistently showed tumors or crooked petioles, or both. These results are consistent with the gene-for-gene model and indicate that agrosuppression occurred only when the matching Avr9 and Cf-9 genes were simultaneously expressed and the HR was expected to occur.
Comparison of the agrosuppression and agroinfiltration assays for the elicitin-like genes inf4 and inf6.
To compare the agrosuppression assay with the well-established agroinfiltration assay, we tested two elicitin-like genes, inf4 and inf6, which were recently described from P. infestans
and have not been previously tested for induction of the HR (Kamoun et al. 1999b) . We first applied the agroinfiltration protocol and injected leaves of N. benthamiana with A. tumefaciens strains carrying pInf4, a binary plasmid containing the P. infestans gene inf4 in an expression cassette, or pInf6, a binary plasmid containing the P. infestans gene inf6 in an expression cassette. Leaves injected with the pInf6 strain induced a confluent necrosis typical of the HR, whereas leaves injected with the pInf4 strain failed to show visible symptoms (data not shown). We then inoculated petioles of N. benthamiana with the tumor inducing strain A281 in 1:1 mixtures with A. tumefaciens carrying pINF4 or pINF6. In contrast to plants inoculated with the mixture of A281 with the pInf6 strain, plants inoculated with the mixture of A281 with the pInf4 strain consistently showed the tumor phenotype. These results confirm that the agrosuppression assay is reliable and yields similar results to the widely used agroinfiltration assay (Table 1) .
Quantification of tumor suppression by a dilution series of A. tumefaciens carrying pInf1.
To determine whether diluted inoculations of A. tumefaciens carrying pInf1 can still result in suppression of tumor formation by oncogenic A. tumefaciens, we inoculated N. benthamiana plants with various ratios of the pInf1 strain mixed to A281. The percentage of inoculated petioles showing suppression of tumor formation was counted 10 to 16 days postinoculation and was plotted against the ratio of the pInf1 strain (Fig. 5) . The percentage of pInf1 strain that resulted in 50% suppression of tumor formation was calculated to be 0.6% and 0.8% from two independent experiments. At dilutions of 20% or higher of the pInf1 strain, 100% suppression of tumor formation was observed at all inoculation sites. These results indicate that suppression of tumor formation can still be observed at relatively low dilutions of the A. tumefaciens strain carrying pInf1 and suggest that assays that involve pooling multiple A. tumefaciens strains could be considered.
DISCUSSION
In this paper, we describe a novel method, agrosuppression, that addresses the need for an assay of the HR that is rapid and adapted to high-throughput functional screening of cloned plant and pathogen genes. This assay is based on the observation that cell death is dominant in trans over oncogenicity. Therefore, coinoculation of plants with a mixture of two A. tumefaciens strains, one carrying a binary plasmid with a HR-inducing gene and the other carrying an oncogenic Ti plasmid, results in suppression of the crown galls induced by the oncogenic strain. Agrosuppression fulfills the requirements for high-throughput screening, including rapid preparation and inoculation of samples, testing of a large number of samples per experiment, and easy visual scoring of symptoms. We validated and optimized the agrosuppression assay using cloned Avr genes from the oomycete pathogen P. infestans and the fungal pathogen C. fulvum, as well as the R gene Cf-9 from tomato.
In principle, the agrosuppression assay can be applied to a variety of plant tissues. However, we found that wound inoculations of N. benthamiana petioles using toothpicks is the most rapid and reliable inoculation procedure that is also suited to large-scale screenings. Approximately five inoculations can be performed per plant, suggesting that hundreds of assays can be performed with only minimal square footage of greenhouse space. The suppression of tumor formation can be easily distinguished from emerging tumors within 7 to 15 days after inoculation, using visual inspection or image analysis software. Scoring plants is facilitated by the inoculation of petioles of N. benthamiana, in which emerging tumors cause a deformation that results in the crooked petiole phenotype (Figs. 1 and 2) .
We optimized the agrosuppression assay in N. benthamiana, a solanaceous plant well known as a favorable host for both A. tumefaciens transformation and virus infection. However, in principle, the assay could be expanded to other plant species since the supervirulent A. tumefaciens strain A281 (chromosomal background from C58 with Ti plasmid pTiBo542) is known to induce tumors on a wide range of host plants (Jin et al. 1987) . Indeed, preliminary results from our laboratory indicate that agrosuppression can also be successfully applied to tomato (data not shown).
The agrosuppression phenomenon suggests that a high proportion of transformed cells in plants inoculated with combinations of A. tumefaciens strains contain the mixture of T-DNAs. Rezmer and associates (1999) recently used GUS assays and reverse transcriptase polymerase chain reaction (RT-PCR) to demonstrate that most, if not all, cells in tumors induced by A. tumefaciens contain a copy of the T-DNA. These results are concordant with the observation that crown gall tissue contains organized networks of vascular bundles with phloem and xylem functionally connected to the vascular system of the host and, therefore, is unlikely to be formed of an uncoordinated maze of mosaic cells (Rezmer et al. 1999) . Consistent with these observations, histochemical GUS assays of crown galls obtained from N. benthamiana plants inoculated with a mixture of the pGUSi strain and oncogenic strain A281 ( Fig. 2A) revealed that a significant proportion of the tumor tissue expresses the gus gene (data not shown). In any case, one can easily avoid using mixtures of A. tumefaciens strains in the agrosuppression assay by introducing a compatible set of binary and oncogenic Ti plasmids into a single A. tumefaciens strain. Such an approach should further simplify the agrosuppression procedure.
We compared agrosuppression with agroinfiltration, an assay that became widely used in recent years for transient expression of Avr and R genes in plant cells (Bendahmane et al. 2000; Kapila et al. 1997; Nimchuk et al. 2000; Tai et al. 1999; Van den Ackerveken et al. 1996; Van der Hoorn et al. 2000) . The two methods yielded consistent results. A. tumefaciens con- (2000). structs that resulted in induction of the HR following injection into leaf panels were always able to induce suppression of tumor formation in petioles (Table 1) . These results included assays with inf4 and inf6, two novel P. infestans elicitin-like genes that were not previously tested for HR induction (Kamoun et al. 1999b) . Since the same A. tumefaciens binary plasmid constructs and strains can be used for both agroinfiltration and agrosuppression, the two assays can be combined or used interchangeably depending on the needs of a particular experiment. Agroinfiltration is more suitable in experiments involving a small number of constructs and might be considered more reliable since the HR phenotype is assessed directly. However, agrosuppression is better suited to experiments that require handling of a large number of constructs, such as in highthroughput screening of candidate and random genes. Notably, in contrast to agroinfiltration, agrosuppression does not require acetosyringone induction of Agrobacterium cultures or syringe infiltration of leaf panels, two laborious steps that limit the use of agroinfiltration in large-scale experiments. Nonetheless, the two assays can be used sequentially in a two-step strategy. A given clone library is screened first in a high-throughput setting using agrosuppression, then all positives emerging out of the primary screen are retested using agroinfiltration.
The agrosuppression method has exciting potential for facilitating the cloning of plant R genes and pathogen Avr genes and the functional characterization of gene-for-gene interactions. One particularly attractive application is in functional screening of plant genomic libraries and candidate genomic clones for the presence of R genes. Indeed, clones from genomic libraries constructed in binary plasmid vectors, including binary bacterial artificial chromosomes (BI-BACs) (Hamilton 1997; Hamilton et al. 1996) and transformation-competent bacterial artificial chromosomes (TAC vectors) (Liu et al. 1999 Shibata and Liu 2000) can be directly introduced into appropriate A. tumefaciens strains and assayed for the induction of the HR by coinoculation with an A. tumefaciens strain carrying a binary plasmid with the matching Avr gene. Since agrosuppression requires little sample preparation, hundreds of independent clones can be assayed concurrently, and significant portions of a plant genome can be tested. In addition, diluted inoculations with the pInf1 strain suggest that a pooling strategy in which multiple Avr constructs are screened simultaneously might be feasible. Another application of agrosuppression is in structure-function analyses of cloned R genes, in particular agrosuppression should greatly facilitate screening for gain-offunction mutants of R genes that constitutively induce the HR in the absence of the matching Avr gene (Rathjen et al. 1999) . In summary, we anticipate that agrosuppression will find many applications in the study of gene-for-gene interactions and will be an effective tool for functional genomics of plant-pathogen interactions.
MATERIALS AND METHODS

DNA manipulations.
DNA manipulations were conducted essentially as described elsewhere (Sambrook et al. 1989 ).
Plasmid constructions.
Plasmids pInf1, pInf4, and pInf6 were constructed by cloning PCR amplified DNA fragments corresponding to a fusion between the signal sequence of the PR-1a gene of tobacco (Hammond-Kosack et al. 1995) and the sequence of the 98 amino-acid elicitin domain of INF1, INF4, and INF6 (Kamoun et al. 1997 (Kamoun et al. , 1999b , into pAvr9 ( Van der Hoorn et al. 2000) digested with NcoI and SacI to remove the Avr9 open reading frame (ORF). The construction of the PR-1a::inf1 fusion was described elsewhere (Kamoun et al. 1999a) . We used a similar overlap extension strategy to generate the PR1a::inf4 and PR1a::inf6 fusions. The overlapping oligonucleotides used in the PCRs were PR-INF4F (5-CTTGCCGTGCCGCGTGCAC-GGCAAAACAAC-3) and PR-INF4R (5-GCCGTGCACGC-GGCGGCACGGCAAGAGTGGGATATTAC-3) for inf4, and PR-INF6F (5-CTTGCCGTGCCGCCGCCTGCACGACTGC-CCAG-3) and PR-INF6R (5-GGCAGTCGTGCAGGCGGC-GGCACGGCAAGAGTGGGATATTAC-3) for inf6. The three PR-1a::inf constructs were PCR-amplified with PR1-FNCO (5-GCATCCATGGGATTTGTTCTCTTTTCACAA-3) as a forward primer and INF1-RSAC (5'-GGCGAGCTCTCATAG-CGACGCACACGTAG-3), INF4-RSAC (5-GTGGAGCTCT-TAAAGCCTCTTACAGTCAGAAGAGAAA-3), and INF6-RSAC (5-GGGAAGAGCTCTCACAAGGCATCGCACTGC-GTCT-3) as reverse primers for inf1, inf4, and inf6, respectively, digested with NcoI and SacI restriction enzymes (restriction sites underlined) and ligated to pAvr9. The resulting pInf plasmids were confirmed by DNA sequencing to contain intact PR1a::inf ORFs flanked by the Cauliflower mosaic virus (CaMV) 35S promoter and the omega Tobacco mosaic virus (TMV) leader on the 5 side, and the potato proteinase-II terminator region on the 3 end. Plasmids pAvr9, pCf9, and pGUSi were described elsewhere ( Van der Hoorn et al. 2000) . Fig. 4 . Reconstruction of the Avr9/Cf-9 gene-for-gene interaction using agrosuppression. N. benthamiana petioles 16 days after inoculation with A. tumefaciens oncogenic strain A281 (C58:pTiBo542) mixed with A, A. tumefaciens strain carrying pAvr9 (25% of total mixture) and another A. tumefaciens strain carrying pCf9 (25%), B, pAvr9 strain (25%) and an A. tumefaciens strain carrying pGUSi (25%), C, pCf9 strain (25%) and pGUSi strain (25%), and D, pGUSi strain (50%).
A. tumefaciens strains and culture conditions. pINF1, pINF4, and pINF6 were introduced by electroporation into A. tumefaciens strain MOG101 (Hood et al. 1993) , whereas pAvr9 and pCf9 were introduced into A. tumefaciens strain GV3101 (Holsters et al. 1980) . The supervirulent strain A281 (chromosomal background from C58 with Ti plasmid pTiBo542), which induces large, rapidly appearing tumors and has a wider host range than other A. tumefaciens strains (Jin et al. 1987) , was used in the agrosuppression experiments. A. tumefaciens strains were routinely grown at 28C in Luria-Bertani (LB) media using the appropriate antibiotics (Sambrook et al. 1989) . Bacterial inoculum was prepared by suspending cultures grown for 2 days on solid LB agar plates in liquid LB and adjusting the concentration to an approximate optical density at 600 nm of 0.3 to 0.4. Whenever necessary, different strains were combined in the desired ratios by mixing the adjusted suspensions.
Agrosuppression assays.
Young N. benthamiana plants at approximately the 10-to 12-leaf stage (approximately 4-week-old) were used for the agrosuppression assays. Plants were cultured and maintained in a greenhouse with an ambient temperature of 22 to 25C and high light intensity. Under these conditions, plants grew vigorously, which resulted in rapid formation of tumors. Inoculations were performed on the upper (younger) five leaves by dipping a wooden sterile toothpick in a bacterial suspension and wounding the plant once in the middle of the petiole. Inoculation of older (senescing or yellowing) leaves did not result in consistent tumor formation and was avoided. Symptoms were scored daily and typically started developing within a week after inoculation. All experiments were repeated at least two times, and a minimum of four plants or 20 petioles were inoculated per experiment and per treatment.
Agroinfiltration assays.
Recombinant A. tumefaciens strains containing the various binary plasmids were prepared for agroinfiltration as previously described (Kapila et al. 1997; Van der Hoorn et al. 2000) . Cultures were infiltrated into young and fully expanded leaves of N. benthamiana. Infiltrations were conducted side by side and were repeated at least three times.
Scanning electron microscopy.
High vacuum scanning electron microscopy of dehydrated petioles was performed using a Hitachi 3500N scanning electron microscope. Samples were first fixed in 3% glutaraldehyde, 2% paraformaldehyde, and 0.1 M potassium phosphate buffer, pH 7.4, for at least 24 h, and subsequently rinsed in distilled water for 15 min. Samples were dehydrated through washes in 50, 75, 95, and 100% ethanol for 15 min each. Following the dehydration procedure, samples were dried in a critical-point dryer before mounting and viewing. 
